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ABSTRACT
Understanding Factors Influencing Seed Germination of
Seven Wildflowers in Sub-Alpine Ecosystems
Alyssa Joy Brown
Department of Plant and Wildlife Sciences, BYU
Master of Science
This thesis explores the seed germination of seven wildflowers native to sub-alpine
ecosystems. Wildflowers are an essential functional group in native plant ecosystems. Also
known as forbs, these plants offer a myriad of benefits in addition to being aesthetically pleasing.
They provide habitats for anthropods and small mammals, support native pollinator populations,
and grow well with other plant functional groups (especially perennial grasses and shrubs).
Healthy plant communities make use of the limited resources in our native ecosystems,
competing with invasive species that can otherwise dominate the landscape. Germination
involves the transition from seed to an actively growing plant. Following germination, the
seedling relies on stored energy reserves until it becomes as an autotrophic organism. Because
germination is irreversible, it is the most vulnerable period of the plant lifecycle. Seeds of subalpine plants typically have complex dormancy-breaking requirements before growth begins.
Therefore, understanding factors that influence the germination is essential to understanding
propagation for horticultural use as well as timing of seedings for ecological restoration. The first
chapter investigates the germination behavior of two co-occurring Asteraceae species across an
elevation gradient. Mules ear (Wyethia amplexicaulis) and arrowleaf balsamroot (Balsamorhiza
sagittata) seeds were collected at low, mid, and high elevation locations then subjected to a
number of cold stratification treatment lengths (4-20 weeks) Both showed variance in
germination behavior between elevation collection locations, with higher locations exhibiting a
longer stratification requirement. The second study was developed to determine methods for
breaking dormancy in five wildflower species for which existing literature is nonexistent or
lacking. Delphinium nuttalianum (low larkspur), Delphinium exaltatum (tall larkspur), Frasera
speciosa (green gentian), Polemonium foliosissimum var. alpinum (Jacob’s ladder), and Mimulus
grandifloras (monkey flower) were selected for this study because they all have the potential for
use in horticulture and restoration ecology applications. Three species (low larkspur, tall
larkspur, and green gentian) required long-term cold stratification to break dormancy. Jacob’s
ladder required physical scarification to break dormancy, and monkey flower required the
combination of constant temperature with light exposure to germinate. These findings indicate
that 1) six of seven species should be autumn-planted, and that propagation for horticulture use
for five of the species is a lengthy process involving several months; 2) propagation of monkey
flower seeds include strict temperature and light requirements; and 3) while seeds collected from
different locations have the same type of dormancy-breaking requirements, variation in the
degree of seed dormancy has ecological relevance.
Keywords: Intermountain West plants, seed dormancy, seed germination, forbs, Balsamorhiza
sagittata, Delphinium exaltatum, Delphinium nuttalianum, Frasera speciosa, Mimulus
grandiflorus, Polemonium foliosissimum var. alpinum, Wyethia amplexicaulis
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CHAPTER 1
Elevation Impact on Seed Germination Requirements for Two Asteraceae Species
Alyssa Brown, Phil S. Allen,
Department of Plant & Wildlife Sciences, Brigham Young University, Provo, Utah
Master of Science
ABSTRACT
Elevation and latitude correlate with several environmental factors that drive natural
selection. The transition from dormancy to germination represents a vulnerable stage of plant
phenology, given the high susceptibility of newly germinated seedlings to death. Consequently,
mechanisms involved with this phenomenon and its timing are under strong selection pressure
and play an essential role in plant population fitness. Climate-change projections in the Great
Basin region of the western United States suggest increasingly lower annual winter snowfall and
higher temperatures, especially at low elevations. This study investigates the dormancy and
germination of seeds for two co-occurring Asteraceae species: arrowleaf balsamroot
(Baslamorhiza sagittata) and shiny mule’s ear (Wyethia amplexicaulis) from the same
geographic area (located in a specific area of Provo Canyon, UT) across an elevation gradient
(1584-2438 m (5200-8000ft)). In laboratory experiments, seeds received increasing periods of
cold stratification at 2 C (from 4 to 20 weeks) followed by incubation at 10-20C, and
germination during and following cold stratification was determined. Seeds of arrowleaf
balsamroot required longer cold stratification compared to shiny mule’s ear; however, within
each species seeds from the highest elevation (2438 m (8000 ft)) required longer periods of cold
stratification compared to seeds from lower elevations. Shiny mule’s ear seeds from low (1584 m
(5200 ft) and mid (2011 m (6600ft)) elevations required 8 weeks of cold stratification to reach
1

50% germination. In contrast, seeds from the highest elevation required 12-weeks to reach 50%
germination. All elevation levels reached 50% germination for seeds of arrowleaf balsamroot
after 16-weeks of cold stratification although germination rate varied by elevation. These results
suggest that the species studied develop dormancy requirements under strong selection pressure
due to environmental conditions.

INTRODUCTION
In the Great Basin region of the western United States, elevation and latitude strongly
influence the natural distribution of plant species. The plasticity and genetic variation of traits
within a given species determine the range of conditions under which plants can successfully
establish. Elevation and latitude correlate with several environmental factors and climatic
conditions, including length of growing season, average temperature, solar radiation, and the
frequency, form, and duration of precipitation. These factors can directly influence plant
population distribution as they create conditions that may or may not be survivable based on a
given species limits of tolerance and drive evolutionary change through natural selection.
Successful germination and establishment of seedlings, which is under high selection
pressure from environmental conditions, is important in determining whether a plant can survive
in a given area. This, in turn, influences plant population distribution and can lead to variation in
a number of plant traits depending on habitat. Over the course of their growth and development,
plants have the most vulnerability to death during seedling establishment (Baskin and Baskin
2014). Seeds that germinate too soon can die due to drought or frost and those that stay dormant
for too long may be impacted by disease, herbivory, or poor growing conditions, which all
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inhibit successful establishment (Clark and Wilson 2003). Seeds of wild plants often have
dormancy requirements that reduce the likelihood that seeds will germinate under conditions that
would otherwise allow germination but are not ideal for establishment (Vleeshouwers et al.
1995, Willis et al. 2014, Baskin and Baskin 2014). Given that germination cannot be reversed,
the timing for the switch from dormancy to germination is under strong selection pressure
from(Meyer et al. 1989, 1990, 1995a, Beckstead et al. 1996, Willis et al. 2014, Jiménez-Alfaro et
al. 2016). Therefore, understanding factors such as elevation, which influence and drive changes
in germination among native plant species will help enhance our collective understanding of how
the species will behave during dormancy and germination. This also addresses the questions of
how well seed propagation methods can be generalized and the importance of seed sourcing for
restoration seedings.
For ecosystems located in the Great Basin of the western United States, the severity of
winter cold and summer drought highly influences the successful timing of germination and
establishment. Because the development of dormancy requirements is so greatly influenced by
climatic conditions, projections regarding changes for these and other environmental factors
make climate change relevant to our understanding of germination behavior its implications for
population fitness going forward. Projections for the Great Basin indicate a future with overall
warmer temperatures, decreased snowfall, and increasingly intense rain events (Logan et al.
2007, Gillies et al. 2012). The literature suggests that the degree of change in these projections
will vary by elevation, increasing in magnitude at lower elevations. Across the globe, climate
change threatens biodiversity through novel interactions and altered environmental conditions
within established ecosystems (Parmesan and Yohe 2003). As climate change leads to greater
temperature and precipitation extremes, which will continually impact the persistence of native
3

plant communities, their native distributional ranges appear to be shifting (Kelly and Goulden
2008, Chang et al. 2015).
Several studies suggest that climatic conditions of the for the site of a plant population
create selection pressure that directly influences seed dormancy and germination (Kildisheva et
al. 2020). In fact, studies of multiple species show that seed dormancy requirements are often
strongly correlated with habitat (Meyer and Monsen 1991, Meyer 1992, Meyer and Kitchen
1994, Meyer et al. 1995b). As elevation differences correspond to changes in environment and
climate characteristics like harsher winter conditions of colder temperatures and longer periods
of snowfall as elevation increases, studying how plant species behave across an elevation
gradient can allow for additional insight regarding how seed germination behavior changes based
on environmental factors attributed to those elevations. Overall, studies have shown that
elevation does have an influence on seed germination behavior, but the results vary by species
(Weng and Hsu 2006, Salehani et al. 2013, Ge et al. 2020, Veselá et al. 2020, Wang et al. 2021).
Multiple studies have found that elevation influences seed mass, a trait that can influence
germination, but again, the results varied by species (Qi et al. 2014, Ge et al. 2020).
In this study we investigated how elevation influences the dormancy and germination of
two co-occurring Asteraceae species, shiny mule’s ear (Wyethia amplexicaulis (Nutt.) Nutt.) and
arrowleaf balsamroot (Balsamorhiza sagittata (Purch) Nutt.), which are prevalent throughout the
Great Basin. Shiny mule’s ear and arrowleaf balsamroot both grow throughout the Great Basin
region. Mule’s ear inhabits a number of plant communities throughout the Intermountain West in
several states including Colorado, Idaho, Montana, Nevada, Oregon, Utah, Washington, and
Wyoming at elevations from 4,500 to 11,000 feet (1,360-3,300 m) (Matthew 1993). Arrowleaf
balsamroot inhabits the states of California, Colorado, Idaho, Montana, Nevada, Oregon, South
4

Dakota, Utah, Washington, and Wyoming at elevations from about 1,000 to 9,000 feet (3052,743 m) (McWilliams 2002). Both species experience physiological dormancy which can be
overcome through cold stratification (Baskin and Baskin 2014)`.
The purpose of this study was to understand if germination behavior for these species varies
across an elevational gradient, specifically as related to the duration of cold stratification. These
efforts have relevance given the semi-arid climate of the Great Basin, where many species have
cold-stratification requirements as a mechanism to end seed dormancy driven by selection
pressure related to seed-germination timing. We hypothesize that seeds from higher elevations
will require longer periods of cold stratification to break dormancy than seeds from lower
elevations. This hypothesis is based on the greater amount and duration of snowpack and winter
temperatures that occur at increased elevation.
METHODS & MATERIALS
Seed Collection LocationWe collected fully ripe seeds of shiny mules-ear and arrowleaf balsamroot from along the
Squaw Peak Road (between Squaw and Cascade Mountains) leading up to Buffalo Peak near
Provo, UT. These species grow across the entire elevation gradient (1594-2438m (5200-8000ft))
from the base to the top of the mountain and co-occur in most locations. Collection occurred
when seeds had reached full maturity (between late June and late July).
We collected seeds from each of three areas (i.e., high, middle, and low elevations) along
a transect in the canyon. The high-elevation seeds were collected from the top of Buffalo Peak, at
2438 m above sea level (asl) (8000 ft+). Low-elevation seeds were collected from populations of
sufficient size (large enough that seed collection would not disturb population) at the base of the
5

mountain (1584 m asl (5200ft)). Mid-elevation seeds were collected midrange between the lowand high-elevation collection areas at around 2011 m asl (6600 ft). The distance between the low
elevation to the peak of the mountain is approximately 4.8 km (3 mi) in a straight line or 10.6 km
(6.6 mi) by road and trail.
Collection and Care of Samples
Collectors walked in random patterns through collection sites, clipping the flower heads
of random plants. Seed heads were placed into paper bags, returned to the laboratory, and placed
in a freezer at -18°C (-0.4°F) overnight to kill any insects feeding on the seeds. Seeds were
cleaned by hand or using a series of sieves to separate chaff from seeds. Once cleaned, seeds
were stored in sterile petri dishes in ambient laboratory conditions (approximately 25°C (77°F)
and 20% humidity) until the experiments were conducted. As the Asteraceae family tends to
have a high percentage of seeds without embryos, all seeds were subjected to a winnowing
treatment to remove unviable seeds from the experiment prior to randomly assigning seeds to
treatment groups. Seed were dropped in front of a fan blowing at a constant velocity. Seeds that
fell farthest from the fan were found to be unviable (based on a cut test checking for viable
embryo in each seed applied to a random selection of 100 seeds) and were not included in the
experiment. Seeds were also removed if there were signs of granivory.
Experimental Design
For each experimental unit, 24 seeds were counted and randomly assigned to petri dishes.
Each combination of cold-stratification treatment and elevation was replicated four times. At the
outset of the experiment, we applied a Captan anti-fungal powder treatment to the seeds and
placed them on double blotter paper (Anchor Paper, St. Paul, MN), which had been saturated
with distilled water that had been cooled to 2°C (35.6°F) in Petri dishes. Dishes were randomly
6

arranged in stacks of 12 in sealed plastic bags, which each contained a water-saturated paper
towel in the bottom to prevent drying. A single blotter paper was also placed on the top dish in
each bag to ensure uniform light exposure among all dishes.
For cold stratification treatment, Petri dishes were placed in an incubator set to 2°C
(35.6°F) with no light to replicate conditions experienced by seeds under snowpack for the
assigned period as closely as possible without risking freezing due to mechanical limitations of
incubators. Seeds of both species were subjected to this cold-stratification treatment for 4, 8, and
12-week time periods to simulate periods of snow cover increasing in length. Based on results,
Arrowleaf Balsamroot seeds were also subjected to 16- and 20-week cold-stratification
treatments. Following cold stratification, seeds were transferred to an incubator alternating
between 10 and 20 °C (50 and 68°F) (12h-12h) with a 12-hour photoperiod during the warmer
temperature to mimic springtime conditions.
Seed germination (i.e., radicle at least 1 mm in length) was counted upon being removed
from cold stratification and on days 1, 2, 4, 7, 11, 14, 21, and 28 during incubation. Germinated
seeds were removed from dishes after being recorded. Distilled water (kept in the incubator to
match the temperature of water in the dishes, alternating between 10 and 20 °C (50 and 68°F)
was added as needed during counting to prevent blotters from drying out. After 28 days, viability
of ungerminated seeds was determined using a cut test. Firm, white embryos were scored as
viable, while discolored soft embryos were scored as non-viable (Association of Official Seed
Analysts, 1986). Prior to statistical analysis, germination data was converted to the percent
germination as a fraction of the viable seeds in each replicate.
Reporting Results and Statistical Analysis
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This experiment was conducted using a completely randomized design. Collection site
and duration of cold stratification were considered independent variables, and 28-day
germination percentage and days to 50% relative germination were considered dependent
variables. To evaluate differences between elevation groups, the fit model function was used to
characterize total germination after 28-days based on collection site elevation, and length of cold
stratification (JMP®, Version 15. SAS Institute Inc., Cary, NC, 1989–2021.). Due to nonuniform variance found in the seed-germination data of arrowleaf balsamroot, germination data
of this species were square-root transformed before analysis. Statistical comparisons were not
made between the two species.
RESULTS
Mules-ear
Seeds of shiny mules-ear required at least 8 weeks of cold treatment before (50%)
germination occurred (figure 4). Seeds collected from low and mid elevations had significantly
higher germination percentages than those collected from the high elevation, especially at 8
weeks of cold stratification when germination of seeds from the low and mid-elevation groups
reached 50% germination while the high elevation group did not (P = 0.02). Differences in
germination rate between elevation levels were also evident. For example, low and mid-elevation
seeds subjected to 12 weeks of cold stratification reached ~85% germination after 2 days
following transfer to 10-20 °C) while seeds from the high elevation collection took 11 days to
reach this level. While the germination percentage between the different elevation groups at 12weeks was closer than with shorter periods of stratification, the germination of seeds collected
from the high elevation were clearly slower than those of mid and low elevation seeds.
Arrowleaf balsamroot
8

Arrowleaf balsamroot required a16-week cold stratification treatment to reach 50%
germination (Figure 5). Regardless of elevation, none of the seeds in the 4-, 8-, or 12-week coldstratification treatments reached 50% germination following the 28-day warmer incubation
period (Figure 5). However, seeds stratified for 16- or 20-weeks germinated above 50% (Figure
5). Most of the germination (>50%) of seeds in the 16- and 20-week treatments occurred during
cold stratification (figure 5). In both the 16- and 20-week cold-stratification treatments, low and
mid-elevation seeds reached higher germination percentages during cold stratification than did
high-elevation seeds. Elevation differences were evident despite all elevation levels showing
high percentages of germination (>80%) beginning at 16 weeks (Figure 5). Germination of low
elevation seeds was significantly higher than those collected from higher elevations (P < .001).
Germination during post-chill incubation was faster for low and mid elevation seeds compared to
those from the high elevation (figure 5).
DISCUSSION
This study illustrates how shiny mule’s ear and arrowleaf balsamroot seeds collected
from different elevation levels showed variation in dormancy-breaking requirements and
germination. Our findings support our hypothesis that seeds from higher elevations require a
longer stratification period, even within the same geographic area and is consistent with other
studies reporting that contrasting environments are associated with differences in seed dormancy
(Meyer and Monsen 1991, Meyer 1992, Meyer and Kitchen 1994, Meyer et al. 1995b). For
example, Meyer et al. 1995b characterized the germination behavior of several Penstemon
species across a range of habitats; in many cases, the same species showed differing patterns of
dormancy and germination that were correlated to habitat. Understanding this information is
needful for propagators to understanding the germination requirements for these species.
9

While both Asteraceae species in our study required longer periods of stratification when
collected from higher elevations, they showed varied behavior in terms of germination rate.
Shiny mule’s ear germinated almost immediately (≤2 days following stratification), which likely
corresponds to seeds germinating in nature during the early spring, soon after snow melt.
Meanwhile, arrowleaf balsamroot seeds primarily germinated during cold stratification
treatments longer than 12 weeks in duration, which suggests that under field conditions, seeds
germinate under snowpack and are prepared to emerge in early spring (Allen and Meyer 1998).
Consequentially, the requirements for breaking dormancy varied greatly between the two
species. For shiny mule’s ear seeds, the amount of germination increased steadily with
lengthening stratification treatments. In contrast, arrowleaf balsamroot crossed a threshold at 16
weeks where germination notably increased, but germination of seeds in the 16- and 20-week
cold-stratification treatments did not statistically differ.
Findings of this study suggest that for shiny mule’s ear and arrowleaf balsamroot,
collecting seeds at lower elevations and planting at higher elevations would likely allow for
successful germination as they have a shorter cold stratification requirement, but seeds from
higher elevations would have limited success if planted them at lower elevations as they have
adapted to time germination with longer periods of cold stratification. In addition to the
differences in overall success of having dormancy requirements satisfied, seeds of both species
collected from lower elevation showed more rapid rates of germination earlier in the cold
stratification or 28-day incubation period. In the Great Basin region, rapid germination appears
to promote successful establishment in many restoration projects where competition from
invasive weeds is a major challenge (Smith et al. 2008, Peeler et al. 2018). Helpful innovations
to breaking dormancy and improving seed-establishment success have been developed that
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would allow for seeds from higher collection elevation to germination at lower elevations like
seed coating technologies incorporating gibberellins (Madsen et al. 2014). However, adaptations
which serve plants from high elevations (such as requiring longer periods of cold stratification)
would be maladaptive traits for lower elevation plant communities (McKay et al. 2005).
These findings allow for speculation regarding how local climate change projections may
influence these species. Research indicates that for some species climate change is shifting the
optimum elevation upward (Lenoir et al. 2008). As the climate continues to warm, decreased
snowfall, particularly at lower elevations, will likely lead to reduced germination and
establishment of both species (Gillies et al. 2012). Shiny mule’s ear may continue to have some
level of germination and establishment success, even with low levels of snowfall as low and mid
elevations reached 50% germination with just 8 weeks of cold stratification. However, arrowleaf
balsamroot could potentially suffer population declines unless they receive at least 12 weeks of
cold stratification. Populations at higher elevations, where snowfall will likely still meet this
dormancy requirement, are less likely to be impacted by these environmental changes in the
immediate future. However, populations of these species at all elevations may be adversely
impacted by other climate-induced stress not addressed in this study, such as wildfires (Brown et
al. 2004, Dennison et al. 2014, Westerling 2016). In areas where changes in snowpack adversely
influences successful germination and establishment, this type of catastrophic disturbance could
greatly influence population distribution of these species. This impact of climate change creating
to gradual alterations to plant populations and disturbance expediting those changes is consistent
with projections from other ecosystems (Liang et al. 2017). Overall, they suggest a trend where
over the long-term, plant communities will lose species richness and simply in structure as those
species that are adapted to changing climatic conditions will become dominant. Additional
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research is required to definitively state how these populations of shiny mule’s ear and arrowleaf
balsamroot may be affected by projected changes in the climate.
The suggestion that seeds of these species are most ideally sourced from low elevations
raises bioethical questions when considering that these are the populations that are most likely to
be adversely impacted by climate change projections. For example, based on some climatechange scenarios, in the Great Basin, more precipitation will likely come in the form of rain
rather than snow at lower elevations (Gillies et al. 2012). If these populations face decline in
future generations with lower rates of germination and establishment due to environmental
conditions, do current practices for sustainably sourcing seeds need to be adjusted to leave
sufficient seed for future generations? This is a question that could be addressed in future
research.
Understanding seed germination requirements aids efforts in successful plant community
establishment. For example, these results give a clear indication that successful seeding of this
species would need to take place in the fall in order for cold stratification to occur. Findings for
shiny mule’s ear and arrowleaf balsamroot showing varied germination results between elevation
groups support existing literature that suggests matching site conditions from the collection site
to the intended site increases successful establishment (Kildisheva et al. 2020). Our results also
support the idea that when selecting sourcing sites, it is advantageous to source seeds that will be
competitive for the site based on climate conditions (Doherty et al. 2017). Understanding more
about the needs of key species and their specific adaptations will allow restoration planners to
make better decisions to address these concerns.
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FIGURES

Figure 1 Aerial view of Squaw Peak Road showing elevation of seed collections. Image from Google Earth with notes added.

Figure 1 Photo of shiny mules ear (Wyethia amplexicaulis)
flower by Alyssa Joy Brown.

Figure 3 Photo of arrowleaf balsamroot
(Balsamorhiza sagittate) with Buffalo Peak in the
background by Alyssa Joy Brown.
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Figure 4 Germination time course curves for arrowleaf balsamroot seeds subjected to increasing lengths (weeks)
of cold stratification (4 (A), 8 (B), 12 (C), 16 (D), and 20 (E) weeks) followed by incubation at 10-20°C (5068°F)). Seeds were collected from low (1584m(5200ft)), mid (2011m (6600ft)), and high (2438m+(8000ft+))
elevations. Line colors differentiate elevation levels: blue for low, red for mid, and green for high. Error bars
represent ± one standard error from the mean.
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Figure 5 Germination time course curves for arrowleaf balsamroot seeds of increasing cold stratification lengths (4
(A), 8 (B), 12 (C), 16 (D), and 20 (E) weeks) from low (1584m (5200ft)), mid (2011m (6600ft)), and high (2438m+
(8000ft+)) elevations during 28-day post-stratification incubation period (10-20°C (50-68°F)). Line colors
differentiate elevation levels: blue for low, red for mid, and green for high. Day 0 values indicate germination that
occurred during cold stratification. Error bars indicate ± one standard error from the mean.
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CHAPTER 2
Breaking Seed Dormancy of Five Sub-Alpine Species with
Potential Restorative and Landscape Uses
Alyssa Brown, Phil S. Allen,
Department of Plant & Wildlife Sciences, Brigham Young University, Provo, UT
ABSTRACT
Droughts and associated wildfires make ecological restoration increasingly relevant in the
Intermountain Western United States. Drought also decreases water available to maintain urban
landscapes, necessitating the development of non-traditional landscaping solutions.
Understanding the germination behavior of native wildflowers contributes to both goals:
providing essential information for restoration planning and background for the introduction of
these species in horticultural production. This study seeks to understand the dormancy breaking
and germination requirements of five Intermountain West native wildflower species that have
potential for use in both ecological restoration and built landscapes: Delphinium nuttalianum
(low larkspur), Delphinium exaltatum (tall larkspur), Frasera speciosa (green gentian),
Polemonium foliosissimum var. alpinum (Jacob’s ladder), and Mimulus grandiflorus (monkey
flower). Seed collections from multiple locations of each species were subjected to a number of
treatments (i.e., fresh seed, after ripening, cold stratification, and physical scarification) to
determine which most effectively led to germination. For each species we identify treatments to
effectively break dormancy, reaching at least 50% germination. Three species (low larkspur, tall
larkspur, and green gentian) required long-term cold stratification. Jacob’s ladder required
physical scarification. Monkey flower needed specific light and temperature conditions to induce
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germination. Understanding how to break dormancy of these species allows for propagators and
restorationist to more effectively grow these plants.

INTRODUCTION
Climate change in the Intermountain West influences both native ecosystems and urban
communities. Projections indicate a warmer, drier future (Meyer et al. 2022). Wildfires of
increased size, frequency and severity are also anticipated (Millar et al. 2007, Littell et al. 2009,
Westerling 2016, Di Virgilio et al. 2019). Wildfire risks extend beyond their impact on natural
plant communities, endangering human health and property (Fischer et al. 2016, Bowman et al.
2017). These fires are increasing the need for ecological restoration. Furthermore, as wildfires
occur more often with greater size and severity, they have been shown to influence snow pack
and will likely influence water availability in ways that we do not currently understand (Maxwell
and St Clair 2019).
Population growth is increasing water demands in the Intermountain West. Cultivated
landscapes use a large percentage of water available in some communities. For example, in the
state of Utah which is the state with the fastest growing population according to the most recent
United States Census, between 50-65% of water available for anthropogenic activity is utilized
for landscaping purposes (Canham and Semerad 2021, “Principles of Water Wise Landscaping”
2015). Use of drought-tolerant native plants is one option for reducing urban water requirements.
Native temperate-zone species generally possess seed dormancy (Baskin and Baskin) that
needs to be understood for restoration or horticultural production. Propagators need to break
dormancy in order to grow plants from seeds. Restoration scientists need to understand
dormancy requirements in determining when to sow the seeds of these species for seedling
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establishment success. For example, seeds that require cold stratification should be planted in
autumn rather than spring.
This study aims to understand the dormancy and seed germination requirements for five
Sub-alpine species that have both potential restorative and landscape uses. Selected species
include Delphinium nuttalianum (low larkspur), Delphinium exaltatum (tall larkspur), Frasera
speciosa (green gentian), Polemonium foliosissimum var. alpinum (Jacob’s ladder), and Mimulus
grandiflorus (monkey flower). These species were selected based on their widespread
geographical range, subjective aesthetic appeal, and limited existing literature regarding their
dormancy and germination.
Current and projected climate change increases the importance of understanding seed
dormancy requirements for sub-alpine species. These plants often require cold stratification to
break their dormancy requirement (Mogensen and Allen 2001). Climate scientists have reported
and predict a decline in the amount of winter snowfall in the Intermountain West (Gillies et al.
2012). Coupled with a warming climate in this region, this may result in insufficient cold, moist
conditions to break dormancy in native plant communities.

METHODS AND MATERIALS
Species Selection
Species were selected based on a variety of factors. First, the plant had to be growing in
multiple locations in the Intermountain West region. Collecting and testing seeds from multiple
sites ensured that the findings of our study were not specific to a single population and could be
generalized to the species. Our goal was to have three distinct collection locations for each of the
species, but in some cases, data is only included for two (Table 1). Next, collection sites needed
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to have large enough populations of the species growing to collect without negatively impacting
propagules for regeneration in the natural ecosystem. We checked existing literature to find
species with limited available information and communicated with Susan Meyer, a well-known
wildflower researcher and seed ecologist regarding seeds that researchers have had difficulty
breaking dormancy to propagate (S. Meyer, personal communication, 2019). Finally, each
species selected needed to have potential uses, not only for restorative purposes but also in
cultivated landscapes (Figure 1, Table 1). Each of the selected species has desirable traits for
landscape planting.
Collection and Care of Samples
Seeds were collected for a particular site when the majority were observed to be ripe.
Only mature seeds were collected. Collectors walked in random patterns through collection sites,
hand-stripping seeds from flower heads or removing the whole seed head in cases where they
could be easily lost. Collectors did not harvest all the seed heads from a given plant; rather they
collected from various plants over the area where seeds were located. Seeds were placed in paper
bags, taken to the laboratory, and cleaned by hand or by using a series of sieves. Once cleaned,
seeds were stored under ambient laboratory conditions (approximately 25°C (77°F) and 20%
humidity) in sterile petri dishes until they were separated into treatment groups.
Experimental Design
This study was conducted using a completely randomized design. Each treatment (as
explained later), species, and location combination had 4 replicates of 25 seeds. Seeds were
counted out and put into 86 mm (3 3/8”) petri dishes. At the time of incubation, seeds were
placed on double blotter paper (Anchor Paper, St. Paul, MN) that had been saturated with
distilled water. If the dishes were being subjected to a cold scarification treatment, the blotter
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paper was soaked in water that was cooled to 2°C (35.6°F). The petri dishes were placed in
sealed, clear plastic bags with a water-saturated paper towel in the bottom to create humidity and
maintain moisture in the dishes. Seeds that were placed in a light treatment had a dry blotter
paper placed above the top dish to make sure that light exposure was uniform among all dishes.
Germinated seeds, those that had at least a 1 mm radicle, were counted and removed when they
were placed into the incubator for observation and on days 1, 2, 4, 7, 11, 14, 21, and 28. After 28
days, seed viability was evaluated using a cut test to determine the status of seeds that did not
germinate (Association of Official Seed Analysts, 1986). Viable ungerminated seeds were
considered dormant.
Explanation of Treatments
Recently harvested seeds (i.e., within two weeks of collection) were tested for
germination as described later. Remaining seeds were subjected to after-ripening (i.e., dry
storage) and cold stratification treatments. In addition to these treatments, Jacob’s Ladder was
subjected to physical scarification. Recently harvested and after-ripened seeds were placed in
various temperature treatments: 15°C (59°F), 25°C (77°F), 10-20°C (50-68°F) alternating (12h12h), or 20-30°C (68-86°F) with a 12-hour photoperiod (for alternating temperature treatments
light was timed to occur during the higher temperature) and the same temperature treatments but
with no light. Seeds receiving the after-ripening treatment were incubated after 12 weeks of
storage at ambient laboratory conditions to mimic typical summer conditions at the collection
site.
Cold stratification was completed by putting seeds into an incubator at 2°C (35.6°F) with
no light to mimic conditions under snowpack for 4-, 8-, 12-, 16-, 20-, and 24-week time periods.
While 2°C (35.6°F) is slightly higher than typical temperatures beneath snow at the soil surface,
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it limits the probability of water in dishes freezing and being unavailable to seeds due to
temperature fluctuations in the incubator. After the desired length of cold stratification, seeds
were checked for germination (radicle emergence of 1 mm or longer) during chill and transferred
to an incubator at 10-20°C (50-68°F) alternating (12h-12h) (chosen based on preliminary
results). Seeds that received a physical scarification treatment were pierced with a scalpel enough
to break the seed coat then placed in an incubator at 10-20°C (50-68°F) alternating (12h-12h).
Each treatment group (i.e., recently harvested, after-ripened, and cold stratification) had both
light and dark treatments when incubated for 28 days. Light treatments were carried out using a
12-hour photoperiod under cool-white, fluorescent lights; dark treatments were carried out by
placing the replicates in containers that blocked light without influencing temperature insulation
in the same incubators.
Reporting Results and Statistical Analysis
All results are expressed in terms of germination percentage (number of seeds germinated
divided by viable seeds). A treatment was considered effective if it led to 50% germination,
hereafter referred to as “effective treatments.” For each effective treatment we report
germination time (days to 50% germination). If a treatment averaged 50% germination but all
replicates did not reach 50%, germination time was recorded as 28 days for those replicates. For
species that reached significant levels of germination (50%) with cold stratification, we indicate
what percentage of germination took place during cold stratification compared to observation
following stratification. Data were analyzed using the fit model function on JMP to compare the
effective treatments for each species and determine statistical differences between effective
treatments, location, interactions between these (where applicable), and light effect (JMP®,
Version 15. SAS Institute Inc., Cary, NC, 1989–2021.). The Tukey HSD adjustment was used
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when making multiple comparisons to investigate location, treatment, and interaction effects. We
report light effects only for monkey flower, the only species where light was a significant
variable. Otherwise, comparison of treatments throughout the results refers to treatment groups
with 12hr-12hr photoperiod.

RESULTS
Low Larkspur (Delphinium nuttalianum)
Low larkspur seeds failed to germinate when recently harvested or following afterripening treatment (Table 2). Low larkspur showed a positive relationship between length of cold
stratification and percent germination: as length of stratification increased so did germination.
Seeds failed to germinate with 4- or 8- week stratification, but steadily increased with 12, 16, 20,
and 24 weeks. The only effective treatment (i.e., >50% germination) for this species was 24
weeks of cold stratification (table 2, figure 2).
For the 24-week treatment, low larkspur reached 50% germination during the cold
stratification period (figure 2). Nearly all germination took place during cold stratification
(figures 2). The significant treatment effect for location (p=.002), is of little practical significance
as germination of seeds from Fairview was only 6% lower than those from Payson Canyon.
Tall Larkspur (Delphinium exaltum)
Tall larkspur seeds also had no germination when recently harvested, following afterripening for 12 weeks, or with only 4 weeks of cold stratification (table 3). Despite showing
some germination with 8 weeks of cold stratification (averaging about 11%), tall larkspur’s
effective stratification treatments included 12, 16, and 20 weeks (table 3, figure 3). As with low
larkspur, germination percentages increased with longer cold stratification time. Due to a
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technical problem during incubation resulting in freezing, the 24- week cold stratification
treatment is not included.
Most germination took place during stratification, recorded as Day 0 (figure 3). All
treatment and location groups that reached 50% germination did so during stratification with one
exception: the Alpine Loop collection with 16 weeks of cold stratification had an average
germination time of 1 day. The germination percentage for the Alpine Loop location was
generally lower across all treatments (figure 3). Germination during cold stratification increased
with longer periods of stratification while germination percentage during 28-day incubation
decreased with longer periods of cold stratification.
Location and treatment both significantly influenced germination of Tall Larkspur.
Pairwise comparisons of these effects suggest that for the Alpine Loop collection, increasing
cold stratification significantly increased germination (p<.001). The magnitude of the change in
final germination decreased as cold stratification time lengthened with an estimated 34%
difference from 12 to 16 weeks and a difference of 20% from 16 to 20 weeks. This trend holds
consistent for Payson Canyon and Fairview where there were significant differences between 12
and 16 weeks (8% and 10% respectively, p<.001), but there was not a significant difference
between 16- and 20-week treatments. The Alpine Loop collection had lower germination in
comparison to collections from Payson Canyon and Fairview Canyon; these differences were
apparent at all cold stratification lengths although the differences decreased with increased
stratification length. There were no significant differences in germination (percentage or time)
between collections from Fairview Canyon and Payson Canyon.

29

Green Gentian (Frasera speciosa)
Green gentian seeds also required long-term stratification to germinate (table 4). No
recently harvested seeds germinated, nor did seeds that were after ripened for 12 weeks or
stratified for only 4 weeks. Results indicate that germination percentages increase with longer
periods of cold stratification. Effective treatments for achieving 50% germination included 20
and 24 weeks of cold stratification (table 4, figure 4).
Days to 50% germination (D50) varied by stratification length (table 5). With 20 weeks
there was high variation in germination time between locations, but the average germination time
was about one week. For the 24-week treatment, all locations reached 50% germination during
the cold stratification period. For both stratification lengths, most of the germination took place
during cold stratification with all additional germination taking place during the first 4 days of
incubation (figure 4).
Although germination percentage increased with length of stratification, the degree and
direction of this change varied by location. From 20 to 24 weeks, germination percentage
increased by 61% (p<.001) for the Alpine Loop collection, 42% (p<.001) for the Fairview
Canyon collection, and 17% (p<.001) for the Payson Canyon collection. Differences among
locations also varied based on length of cold stratification. At 20 weeks of cold stratification
there was an estimated difference of 20% between the Fairview Canyon and Alpine Loop
collections (p<.001), 45% between the Payson Canyon and the Alpine Loop collections
(p<.001), and 25% between Payson Canyon and Fairview collections (p<.001). In contrast, when
the seeds were subjected to 24 weeks of cold stratification there was no location effect.
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Jacob’s Ladder (Polemonium foliosissimum var. alpinum)
Jacob’s ladder had low levels of germination with every treatment (fresh seed, afterripening, and cold stratification), but the results were inconsistent between locations (table 6).
Seeds from the Alpine loop averaged germination above 50% with 20 and 24 weeks of cold
stratification, but cold stratification had little to no effect on seeds from Big Springs. The only
treatment that was consistently effective for both locations was physical scarification, which led
to about 80% germination for seeds collected from the Alpine Loop and just over 60% for seeds
from Big Springs (figure 8). D50 values for this treatment was 10 days for each location. There
was no location effect for this species.
Monkey Flower (Mimulus grandiflorus)
Recently harvested monkey flower seeds reached 50% germination during incubation,
but the success of germination varied by temperature and light cycle (table 7). Alternating
temperatures inhibited germination (<5% germination at 10-20°C (50-68°F) and no germination
at 20-30°C (68-86°F)). Meanwhile, seeds exposed to a 12-hour photoperiod and incubated at a
20C (77°F) constant temperature (i.e., average of the alternating 15-25°C treatment) averaged
near 100% germination. Seeds that were kept in the dark and incubated at these temperatures did
not germinate (table 6).
D50 values for both treatments at each location was consistently between 7 and 11 days,
averaging 9 days at 15°C (59°F) and 9.5 days at 25°C (77°F) (table 8, figure 6). All seeds
incubated at 15°C (59°F) germinated on days 7 and 11 (figure 6). Seeds incubated at 24 degrees
showed all germinated during checks on days 4, 7, and 11. In other words, seeds germinated
sooner at 25°C (77°F) despite taking longer on average to reach 50% germination. Analysis of
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effective treatments indicated no differences observed in germination percentages between the
temperature treatments or based on the collection location.

DISCUSSION
The five species included in this study varied in the treatments most effective in breaking
dormancy. Low larkspur, tall larkspur, and green gentian required lengthy cold stratification to
reach 50% germination. These results suggest that seeds for these species have similar
physiological dormancy. In contrast, monkey flower germination was impeded by alternating
temperatures and darkness. This sensitivity to light and temperature suggests non-deep
physiological dormancy (Baskin and Baskin 2014). Finally, Jacob’s ladder required physical
scarification to reach at least 50% germination, which indicates that these seeds possess physical
dormancy.
For the three species that had greatest germination with lengthy stratification, most of the
seeds germinated during this treatment. It is likely that in nature, these seeds germinate while
covered by snow, allowing seedlings to emerge when the snow melts off and water resources are
more plentiful. Germination increased with increasing cold stratification time. Some seeds
germinate with shorter stratification (which could potentially imply less snow and limited water
resources), but all viable seeds germinate if conditions are adequate.
Jacob’s ladder germinated most successfully with a physical scarification treatment. In
nature this could occur as freezing and thawing allows water to break down the seed coat or
through interactions with insects or fungi that break through the seed coat and allow seeds to
imbibe water. Jacob’s ladder showed higher levels of germination as freshly harvested and afterripened seed compared to other species which did not germinate until stratified. This is an
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example of bet hedging—where plants produce seed with varied requirements for dormancy and
germination (Childs et al. 2010). This allows seeds to germinate under variable environmental
conditions, increasing the probability that at least some seedlings will establish.
Monkey flower seeds responded very differently than the other four wildflowers included
in this study. The seeds clearly distinguish between both fluctuating temperatures and the light
environment. A likely explanation for this behavior is found by considering how monkey flower
grows in nature. Monkey flower is typically found in soils near or even in springs or other areas
with running water. The altering temperature patterns in the incubator mimic the way
temperature fluctuates from day to night. However, diurnal temperature fluctuation is lower near
constant water. Therefore, this sensitivity to temperature and light likely helps seeds distinguish
whether they are near running water or simply located in seasonally wet soil that may be drying.
The sensitivity to light likewise helps the seed recognize if conditions will likely lead to survival.
Monkey flower seeds are miniscule (<1mm in length) and cannot rely on long term stored
energy. Having access to light resources immediately upon germination is essential to ensuring
successful establishment.
Understanding the dormancy requirements and germination behavior of these species is
one of the first steps toward use in landscape horticulture or more effectively seeding them in
natural landscapes as part of restoration efforts. Lengthy cold stratification could potentially be
overcome or reduced by treatments of gibberellic acid to allow for improved speed of production
(Keefer et al. 2021), but this would need to be explored through further research. Based on the
results of low larkspur, tall larkspur, and green gentian which required long periods of cold
stratification, successful seeding needs to occur in autumn in locations with sufficient snow
cover. Jacob’s ladder, which showed best germination following physical scarification, should
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also be sown in the fall to also for freeze and thaw cycles to break down the seed coat. It also
might be more effectively incorporated if they are grown and then transplanted to outcompete
undesirable species that compete for resources in the early stages of succession; otherwise, a
higher seeding rate would likely be needed to account for low germination during the first year.
These species only represent a small number of the variety of wildflower species growing
in sub-alpine plant communities. Ultimately, understanding these and other native species will
facilitate understanding of their interactions as a community. Intermountain wildflower meadows
are beautiful landscapes that require lower water inputs than traditional landscapes. Currently the
lack of research understanding wildflower meadow composition and interactions limits the
successful construction of meadows (Cynthia Bee, 2020, personal communication). Finding
water-conserving alternatives to lawns and other high-water-requiring plants will become
increasingly important in the Intermountain West. Increased use of native flowering plants will
also have positive impacts on native wildlife by providing pollinator options, increasing habitats
for arthropods and small invertebrates, and increasing biodiversity in urban landscapes. This is a
prime example of how taking advantage of native plants can address societal needs while further
efforts to conserve and protect natural environments.
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FIGURES

Figure 2 Selected species (top to bottom and left to right): low larkspur (Delphinium nuttalianum), monkey flower
(Mimulus grandiflorus), tall larkspur (Delphinium exaltatum), green gentian (Frasera speciosa), and Jacob’s ladder
(Polemonium foliosissimum var. alpinum). Photos by Alyssa Joy Brown
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Figure 3 Germination of low larkspur treated with 24 weeks of cold stratification followed by 28-day incubation at
10/20°C (50/68°F). Day 0 values represent seeds that germinated during stratification. Line colors represent
collection locations: Fairview Canyon (red) and Payson Canyon (green). Error bars represent ± one standard error
from the mean.
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B
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Figure 3 Germination of tall larkspur treated with all effective (at least 50% germination) treatments (12 (A), 16 (B),
and 20 (C) weeks of cold stratification) over the 28-day incubation period (10-20°C (50-68°F) alternating (12h-12h)
with a 12-hour photoperiod). Values at day 0 represent seeds that germinated during stratification. Line colors
represent collection locations: Alpine Loop (blue), Fairview Canyon (red), and Payson Canyon (green). Error bars
represent ± one standard error from the mean.

39

A

B

Figure 4 Germination time course curves for green gentian seeds incubated at 10-20 C for 28 days following cold
stratification. Only effective treatments (reaching 50% germination) of 20 (A) and 24 (B) weeks of cold
stratification are shown; shorter treatments were ineffective. Germination values at day 0 represent seeds that
germinated during stratification. Line colors represent collection locations: Alpine Loop (blue), Fairview Canyon
(red), and Payson Canyon (green). Error bars represent ±one standard error from the mean.
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Figure 5 Germination time course curves for Jacob’s ladder seeds treated with physical scarification (seed coats
were gently pierced to allow for imbibition) over 28-day incubation period. Line colors represent collection
locations: Alpine Loop (blue) and Big Springs (orange). Error bars represent ±one standard error from the mean

41

Figure 6 Germination time course curves for monkey flower seeds at constant temperature levels of 15 (left) and 25
(right) degrees (indicated on the right side of the graph) over 28-day incubation period. Locations (Big Springs (top
row) and Payson Canyon (bottom row)) are also separated and labeled across the top of the graph. Line patterns
indicate light treatment: 12h photoperiod (solid) or dark treatment (dotted). Error bars represent one standard error
from the mean.
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TABLES
Table 1. Species information for wildflowers included in this study.
Common Name

Low Larkspur

Tall Larkspur

Green Gentian

Scientific Name

Locations

Collection Elevation

Desirable Traits

Delphinium

Fairview Canyon

~2600m (8530ft)

nuttalianum

Payson Canyon

~2400m (7874ft)

-spring bloom
-bright purple bloom
-rarely grazed

Alpine Loop

~2600m (8530ft)

Fairview Canyon

~2700m (8858 ft)

Payson Canyon

~2600m (8530ft)

Alpine Loop

~2300m (7546 ft)

Fairview Canyon

~2600m (8530ft)

Payson Canyon

~2400m (7874ft)

Alpine Loop

~2600m (8530ft)

var. alpinum

Big Springs

~1800m (5905 ft)

Mimulus

Big Springs

~1800m (5905 ft)

grandiflorus

Payson Canyon

~1800m (5905 ft)

Delphinium
exaltatum

Frasera
speciosa

Polemonium
Jacob’s ladder

Monkey Flower

foliosissimum
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-tall, shrubby perennial
-tall purple spike inflorescence
-long lasting blooms into late summer
with adequate water

-unique perennial monocarp plant
-tall spike with multiple inflorescence
-potential for use as a specimen plant

-beautiful white flowers that bloom late
Spring to mid-Summer
-fernlike foliage
-yellow blooms with red spots lasting
from late spring to mid/late summer
-potential use: water feature design

Table 2. Germination of low larkspur seeds subjected to dormancy-breaking treatments. Results are
presented separately for each collection location and for both locations averaged together.
Germination (%)
Treatment

Fairview Canyon

Payson Canyon

Averaged

Recently Harvesteda

0

0

0

After-Ripeninga

0

0

0

Length
(wks)

-

-

-

4

0

0

0

8

0

0

0

12

1

0

0.5

16

12

2

7

20

32

49

41

24

94

99

97

Cold Stratification

Table 3. Germination of tall larkspur seeds subjected to dormancy-breaking treatments. Results are
presented separately for each collection location along with averages for each treatment.
Germination (%)
Treatment

Alpine Loop

Fairview Canyon

Payson Canyon

Average

Recently Harvesteda

0

0

0

0

After-Ripeninga

0

0

0

0

Length
(wks)

-

-

-

-

4

0

0

0

0

8

4

14

15

11

12

31

84

87

67

16

66

97

92

85

20

85

99

97

94

Cold Stratification
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Table 4. Germination of green gentian for each treatment received. Results included for each collection
location (Alpine Loop, Fairview Canyon, and Payson Canyon) and the overall average for each treatment.
Germination (%)
Treatment

Alpine Loop

Fairview Canyon

Payson Canyon

Average

Fresh Seeda

0

0

0

0

After-Ripeninga

0

0

0

0

Length
(wks)

-

-

-

-

4

0

0

0

0

8

5

0

0

2

12

7

3

3

4

16

8

6

8

7

20

35

57

82

58

24

99

100

99

99

Cold Stratification

Table 5. Incubation time required to reach 50% germination of green gentian seeds following 20 or 24
weeks of cold stratification. Data are presented for each collection location as well as the overall
average for each treatment.
Days to 50% Germination
Cold Stratification length

Alpine Loop

Fairview Canyon

Payson Canyon

Average

20 weeksb

7

0a

17

8

24 weeksb

0

a

0a

0a

0a

a

Values of 0 days indicate that the treatment resulted in 50% germination during cold stratification.

bFollowing stratification in 2°C (35.6°F) incubator for the indicated length of time, seeds were
incubated for 28 days at 10-20°C (50-68°F) alternating (12h-12h) with a 12-hour photoperiod.
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Table 6. Germination of Jacob’s ladder seeds subjected to dormancy-breaking treatments. Results are
shown for each collection location as well as the average for each treatment.
Germination (%)
Treatment

Alpine Loop

Big Springs

Averaged

Fresh Seeda

11

37

24

After-Ripeninga

2

10

6

Length
(wks)

-

-

-

4

11

6

9

8

14

9

12

12

14

5

10

16

34

0

17

20

52

2

27

24

64

7

36

79

61

70

Cold Stratification

Physical Scarification

Table 7. Germination of Jacob’s ladder seeds subjected to dormancy
breaking treatments. Results are shown for each collection location along
with the average of both locations for each treatment.
Germination (%)
Treatment
Temperature

Big Springs

Payson Canyon

Average

Light

10-20

Y

7

2

5

20-30

Y

0

0

0

15

Y

100

96

98

15

N

5

0

3

25

Y

100

100

100

25

N

0

0

0
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Table 8. Germination time for treatments that led to effective
germination of monkey flower (at least 50% germination). Average
number of days to reach 50% germination included for each location
(Big Springs and Payson Canyon) as well as the overall average for each
treatment.
Days to 50% Germination
Treatment
Temperature

Big Springs

Payson Canyon

Total

Light

15

Y

7

11

9

25

Y

11

8

9.5

47

